Abstract. Radiation effects in p-and n-type 4H-SiC as well as 6H-SiC irradiated with neutrons and electrons have been investigated by electron spin resonance (ESR), optical absorption and electric property measurements with annealing experiment. The dopant spectrum observed at LNT before irradiation disappeared after irradiation, while many centers arising from radiation-induced defects were observed in ESR spectra. The angular dependences and isochronal annealing behaviors of these centers are also described. On the basis of the above results, we discuss the structural models for these defects. In this study, irradiation temperature dependence of formation efficiency of defects induced in neutron-irradiated SiC is examined by ESR and optical absorption measurements. The defect formation efficiencies of silicon vacancy center in n-type SiC increase with the irradiation temperature ,while those in p-type SiC decrease slightly. Electrical properties of n-type SiC single crystals irradiated with neutrons have been also investigated by resistivity and Hall effect measurements. In the neutron irradiated SiC, the carrier mobility rises with increasing of the carrier density.
INTRODUCTION
Single crystalline silicon carbide (SiC) is expected to be an excellent material by way of electronic devices acting under severe environment such as intense ionizing radiation field with high temperature. For the fabrication of high-power semiconductor devices, SiC wafers must have excellent homogeneity in resistivity. The neutron transmutation doping (NTD) technique [1] can be applicable for producing n-type SiC wafers as well as n-type Si wafers. During the NTD process, however, radiation damage in SiC crystal causes serious problems such as carrier trapping. The NTD technique requires significant knowledge on radiation effects and the annealing behaviors of the effects. Radiation effects in SiC irradiated with radiation (electron, neutron, proton,) have been studied by electron spin resonance (ESR) , deep level transient spectroscopy (DLTS), photoluminescence (PL), optical absorption and electric properties measurements. However, the understanding of radiation effects in SiC is still rather poor.
In this study, radiation effects in p-and n-type 4H-SiC as well as 6H-SiC irradiated with neutrons and higher energy electrons have been examined by ESR, optical absorption and electric property measurements with annealing experiments. Irradiation temperature dependence of formation efficiency of defects induced in neutron-irradiated SiC is studied by ESR and optical absorption measurements. Electrical properties of ntype SiC single crystals irradiated with neutrons are investigated by resistivity and Hall effect measurements.
EXPERIMENTAL
The nitrogen-doped n-type SiC single crystals used in this study were manufactured by Nippon Steel Corporation. And the p-type SiC samples were obtained from Cree, Inc. Ohmic contacts were made on each n-type SiC wafer by evaporating Ni dots followed by annealing at 1,100˚C for 30 minutes in Ar atmosphere. The irradiations were performed at the low-temperature irradiation loop facility (LTL) and the electron linac (LINAC) of the Kyoto University Research Reactor Institute (KURRI). The neutron fluence was monitored by the activation method with Ni foils. Isochronal annealing was performed at intervals of 100K in the temperature range between 373K and 1773K for 5 minutes in helium atmosphere. ESR spectra were measured at room temperature (RT) and liquid nitrogen temperature (LNT) with an X-band (9GHz) microwave incident on a TE 110 cylindrical cavity using the JEOL JES-TE200. Optical absorption spectra were measured at RT and LNT with a Shimadzu UV-3100 spectrophotometer. The measurements of resistivity and Hall effect in SiC were carried out at RT by the Van der Pauw method.
RESULTS AND DISCUSSION (1) Dopant Signal
In the as-grown n-type SiC samples, the signals of the nitrogen donor are detected in the ESR and the optical absorption spectra. In the p-type samples, the accepter signal is also observed in the ESR spectrum while not in optical one. These carrier signals decrease with increasing irradiation doses in the irradiated samples and then the electric resistance increases with those. The change of the carrier concentration, which results from irradiation, influences the Fermi-level by the existence of the radiation-induced defects. It can be also thought that the change of the Fermi-level influences a stability of the energy levels of the irradiation defects, which are introduced into the forbidden band. Consequently, their electrical properties make a great change.
The ESR signal of the nitrogen donor, which is observed in hexagonal SiC, consists of a cubic-site and a hexagonal-site. In the irradiated samples, the decreasing rate of the nitrogen donor of the hexagonalsite is larger than that of the cubic-site, and when it is compared with the 4H-SiC and the 6H-SiC, the former is larger. On the other hand, the donor level energy, E D , of the 4H-SiC is smaller than that of the 6H-SiC. From the above, the experimental fact, whose the decreasing rate of the nitrogen donor in the 4H-SiC is larger than that in the 6H-SiC, can be explained well.
(2) Defect Formation Figure 1 shows typical ESR spectra for the neutronirradiated n-type 6H-SiC obtained at (a)RT and b)LNT. In the ESR signals, six centers named K1, K2, K3, K4, K5 and K6 or distinct lines are observed at LNT. The K1, K2,K5 and K6 are also observed at RT, but the K3 and K4 are not observed [2] . The characteristics of the ESR centers found in neutron irradiated SiC are summarized in the Table 1 .
In reactor-irradiated SiC samples, a broad absorption band at 780nm is observed [8] . For both the 780nm absorption band and the ESR K1 center, the annealing behavior is very similar between 400K and 1200K. Therefore, the origin of the 780nm band was attributed to a defect center consisting of single Si vacancy (Vsitype center) [8] . Figure 2 shows the ESR spectra at (a) RT and (b) LNT for electron(22MeV)-irradiated p-type 4H-SiC with 10 18 e/cm 2 . The ESR signals termed K1(Vsi), K12, K11,K1+K13 and K14 are observed [9] . The ESR spectra for the irradiated p-type 6H-SiC were similar to that for the irradiated p-type 4H-SiC. The K11 signal is similar to the T5 center in proton-irradiated 3C-SiC [10] and the PB center in electron-irradiated 6H-SiC [11] . By Itoh et al [10] , this center was attributed to the singly positive charged carbon vacancy. Recently, it has been proposed that the defect model of the K11 center consists of complex defect which combines with a carbon vacancy and a hydrogen atom, (Vc+H) 0 [7] . However, this model is not complete because the HF signal due to nuclear spin in hydrogen is not observed. On the other hand, the stability of the singly positive charged state of the carbon vacancy (Vc + ) has been examined theoretically by the first principle calculation. From the calculation, there are two results as follows; 1) it is stable [12] and 2) unstable [13] . Also, the other workers have been recently reported that the defect centers (EI5 [14] and Ky2 [15] centers) which are different from the K11 center is the Vc + . As their experimental results show, there is difference about an angular dependence and temperature range of a measurement, though it has HF character where the EI5 and Ky2 centers are compared. From the above results, it is not clear which is right more, the Vc + or (Vc+H) 0 as a defect center model of the K11 center at present.
The K12 center observed at RT appears at lower irradiation dose. The K12 center with an effective spin S=1/2 exhibits g-values of g // =2.0021, g ┴ =2.0032. The K1(Vsi) + K13 centers, which are overlapped and observed at LNT, appears remarkably at lower dose. Moreover, the K14 center observed at LNT is a radiation-induced defect, which is produced in the early stage of the irradiation. The K14 center with an effective spin S=1/2 exhibits g-values of g // =2.0035, g ┴ =2.0051. The intensities of these defects change when the irradiation advances, and then the intensities of these ESR centers decrease. It is necessary to consider the influence on defect generation by electronic excitation under irradiation.
In the electron-irradiated n-type SiC, the K18 center (g // =2.0028, g ┴ =2.0031 at RT) exists mainly in an early stage of irradiation below 2x10 17 e/cm 2 , and during continued irradiation the K19 (g // =2.0034, g ┴ =2.0026), the K20 (g // =2.0032, g ┴ =2.0034) and the K21 (g // =2.0028, g ┴ =2.0025) centers are observed at LNT. By the progressive increase of the irradiation, the K15 (g // =2.0022, g ┴ =2.0015) and the K13 centers in the irradiated p-type samples are mainly in the early stage of irradiation (<10 17 e/cm 2 ), and then the K1, K12 and K3 centers are observed in samples irradiated nearly 6x10 17 e/cm 2 . Continuously, the K4, K2, K5 and K6 centers are produced successively above its dose. As mentioned above, it can be thought that the change of the Fermi-level, which is caused by irradiation, is related with the production of these various centers.
. (3)Irradiation Temperature Dependence of Defect Formation Efficiency
The ESR signal intensities (it is proportional to the defect formation efficiency) of the K1 and K11 center are shown as a function of the irradiation temperature in Fig. 3 and Fig. 4 , respectively. As shown in Fig.3 , the defect formation efficiencies of K1 center in n-type SiC increase with the irradiation temperature ,while these in p-type SiC decrease slightly. The similar result has been obtained by optical absorption measurement [16] . As seen in Fig.4 , the defect formation efficiencies of the K11 center in p-type SiC decrease with the irradiation temperature.
(4) Electrical Properties
As we reported previously, the change rate of the mobility rises with increasing of the initial carrier density, while that of the electrical resistivity decreases. On the other hand, the change rate of the carrier density does not change in the samples after irradiation [17] . After neutron irradiation, the carrier mobility rises with increasing carrier density, though the mobility before the irradiation is decreased with increasing of the carrier density.
From these facts, it can be concluded that the electrical properties of neutron-irradiated n-type SiC are influenced by the existence of a large concentration donor [17] . 
